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Figure S1. Thermogravimetric analysis of 1-Co, displaying loss of ~77% mass upon heating at 
400 °C for 4 h, consistent with calculated mass loss of all ligands (acetates and L) at ~78% 
 
 
Figure S2. CV of 3-Co before and after 5 h CP 
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Figure S3. CV of 3-Ni before and after 5 h CP 
 
 
Figure S4. Results of the oxygen sensing experiments. Amount of oxygen detected by the 
fluorescence sensor is indicated by the red line while the theoretical yield at 100% Faradaic 
efficiency is depicted in blue line.  
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Figure S5. Representative powder X-ray diffraction patterns for ITO, 2-Co, and 3-Co 
 
 
Figure S6. SEM image of 3-Co before electrolysis at 200× low magnification, displaying the 
non-uniform surface on the ITO 
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Figure S7. A representative example of a XPS spectrum of 2-Co on ITO after 5 h electrolysis, 
displaying 1 : 0.07 Co to Mn ratio 
 
 
Figure S8. A representative example of a XPS spectrum of 2-Co on ITO after 5 h electrolysis, 
displaying 1 : 1.3 Co to Mn ratio 
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Figure S9. A representative example of a XPS spectrum of 2-Ni on GC disk after 5 h 
electrolysis, displaying 1 : 2.0 Ni to Mn ratio 
 
 
Figure S10. A representative example of a XPS spectrum of 3-Co on ITO after 5 h electrolysis, 
displaying 1 : 3.2 Co to Mn ratio 
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Figure S11. A representative example of a XPS spectrum of 3-Ni on ITO after 5 h electrolysis, 
displaying 1 : 3.5 Ni to Mn ratio 
 
 
Figure S12. EDS spectrum of 2-Co before electrolysis 
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Figure S13. EDS spectrum of 2-Co after electrolysis 
 
Figure S14. EDS spectrum of 2-Ni after electrolysis 
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Figure S15. EDS spectrum of 3-Co after electrolysis 
 
Figure S16. EDS spectrum of 3-Ni after electrolysis 
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Figure S17. SEM images and elemental mappings of 2-Ni (left) and 3-Co (right) on ITO after 
electrolysis, displaying the SEM image with the corresponding Mn and Ni/Co Kα1 
compositional maps 
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Figure S18. Fits (red) to the 1-Ni, 2-Ni at tCP = 1 h, and 3-Ni at tCP = 0 h EXAFS spectra (black). 
(a, c, e) Fit to the Mn EXAFS. (b, d, f) Fit to the Ni EXAFS. Parameters derived from the fits 
are given in Tables S1 and S2. The fit range of all the spectra was k = 2.5 – 11.5 Å-1 (R = 1 - 4 
Å). 
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Figure S19.  (Top left) k3-weighted Mn EXAFS spectra and (top right) Fourier transforms for 3-
Ni (black), birnessite (Mg2+) (red), and β-MnO2 (blue). (Bottom left) k3-weighted Ni EXAFS 
spectra and Fourier transforms for 3-Ni (black), NiIIO (red) and NiII(OH)2 (blue).  
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Table S1. Mn EXAFS fitting parameters for the best fit obtained for 1-Ni, 2-Ni (tCP = 1 h) and 
3-Ni (tCP = 0 h).  
Sample Fit # Shell N R / Å s2 / Å R / % 
1-Ni 
 
 Mn-O 5 1.89 (0.01) 0.002 (0.001) 3.7 
 Mn-N 1 2.15 (0.01) 0.015 (0.002)  
 Mn-Mn/Ni 3 2.84 (0.01) 0.001 (0.001)  
 Mn-C 8 2.89 (0.03) 0.001 (0.015)  
    E0 (eV) = -4.5 
2-Ni (tCP = 1 h)  Mn-O 5 1.88 (0.01) 0.005 (0.001) 2.3 
  Mn-O 1 2.18 (0.05) 0.008 (0.008)  
  Mn-Mn/Ni 3 2.83 (0.01) 0.006 (0.001)  
     E0 (eV) = -12.0 
3-Ni (tCP = 0 h) 1 Mn-O 5 1.91 (0.01) 0.005 (0.001) 1.5 
  Mn-O 1 2.31 (0.04) 0.007 (0.006)  
  Mn-Mn 6 2.93 (0.01) 0.010 (0.001)  
  Mn-O 1 3.40 (0.01) 0.006 (0.004)  
     E0 (eV) = -11.2 
 2 Mn-O 5 1.91 (0.01) 0.005 (0.001) 1.2 
  Mn-O 1 2.32 (0.08) 0.013 (0.011)  
  Mn-Mn 4 2.93 (0.01) 0.009 (0.001)  
  Mn-Ni 2 3.50 (0.02) 0.009 (0.003)  
     E0 (eV) = -11.7 
Birnessite1  Mn-O 6 1.90 0.006  
  Mn-Mn 6 2.88 0.009  
β-MnO2  Mn-O 6 1.88-1.89   
(from XRD)  Mn-Mn 2 2.87   
  Mn-Mn 8 3.42   
S02 was set to 0.7.  The values in parenthesis show uncertainties. σ2 is the Debye-Waller factor, 
R(%) shows the goodness of fit. The fit range of all the spectra was k = 2.5 – 11.5 Å-1 (R = 1 - 4 
Å). 
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Table S2. Ni EXAFS fitting parameters for the best fit obtained for 1-Ni, 2-Ni (tCP = 1 h), and 3-
Ni (tCP = 0 h). 
Sample Fit# Shell N R / Å s2 / Å R / % 
1-Ni 
 Ni-O 6 2.03 (0.01) 0.003 (0.001) 4.1 
 Ni-Mn 3 2.83 (0.01) 0.001 (0.001)  
 Ni-C 9 2.92 (0.08) 0.013 (0.017)  
 Ni-O 6 3.19 (0.04) 0.002 (0.004)  
    E0 (eV) = 8.0 
2-Ni (tCP = 1 h)  Ni-O 6 2.04 (0.01) 0.005 (0.001) 3.5 
  Ni-Mn 3 2.86 (0.02) 0.009 (0.002)  
     E0 (eV) = 5.1 
3-Ni (tCP = 0 h) 1 Ni-O 6 2.07 (0.02) 0.007 (0.002) 5.7 
  Ni-Ni 12 2.98 (0.01) 0.011 (0.001)  
     E0 (eV) = 4.7 
 2 Ni-O 6 2.06 (0.01) 0.007 (0.001) 2.5 
  Ni-Ni 10 2.97 (0.01) 0.010 (0.001)  
  Ni-Mn 2 3.55 (0.02) 0.003 (0.003)  
     E0 (eV) = 4.1 
 3 Ni-O 6 2.06 (0.02) 0.007 (0.002) 3.2 
  Ni-Ni 8 2.97 (0.01) 0.008 (0.001)  
  Ni-Mn 2 3.55 (0.03) 0.008 (0.003)  
     E0 (eV) = 3.5 
 4 Ni-O 6 2.06 (0.02) 0.007 (0.002) 5.4 
  Ni-Ni 6 2.97 (0.01) 0.006 (0.001)  
  Ni-Mn 2 3.53 (0.03) 0.003 (0.003)  
     E0 (eV) = 3.5 
 5 Ni-O 6 2.06 (0.01) 0.007 (0.001) 2.7 
  Ni-Ni 9 2.97 (0.01) 0.009 (0.001)  
  Ni-Mn 3 3.55 (0.02) 0.006 (0.003)  
     E0 (eV) = 3.8 
NiIIO2  Ni-O 6 2.08   
(from XRD)  Ni-Ni 12 2.95   
  Ni-O 8 3.61   
S02 was set to 0.95.  The values in parenthesis show uncertainties. σ2 is the Debye-Waller factor, 
R(%) shows the goodness of fit. The fit range of all the spectra was k = 2.5 – 11.5 Å-1 (R = 1 - 4 
Å). 
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Mn and Ni EXAFS curve fitting 
The Mn and Ni EXAFS curve fitting results are shown in Figure S18 and the fit 
parameters are summarized in Table S1 and S2. The structural parameters of metal oxides 
(birnessite, beta-MnO2, and NiO) obtained from either XRD or EXAFS, that are relevant to 3-Ni, 
are also shown in Tables S1 and S2.  
The Mn and Ni EXAFS of 1-Ni were fit with the structural parameters obtained from the 
crystal structure of 1-Ni. 2-Ni spectra were fit with the core structure of the 1-Ni by replacing 
nitrogen terminal ligands to oxygen, based on the results of the elemental analysis of 2-Ni, in 
which the removal of organic ligands were observed.   
Mn and Ni EXAFS of 3-Ni were fit at first with the oxide structure (birnessite for Mn 
and NiIIO for Ni) (Fit #1 in both Mn and Ni EXAFS).  Then a possible interaction of Mn-Ni was 
investigated, by including a µ-oxo bridged Mn-Ni distance around 3.5Å that could explain the 
unsatisfactory fit quality of the peak 3 region shown in Figure S18. In the Mn EXAFS (Fit #2), 
the numbers (N) of the Mn –Mn and Mn-Ni interactions were set as 4 and 2 (with the total 
metal-metal interaction number, Ntotal = 6), since this is the expected ratio (and the coordination 
number) in the birnessite-like structure with the Mn:Ni elemental ratio of 3:1. In the Ni EXAFS, 
the several combinations of the Ni-Ni and Ni-Mn interactions (Fit #2 - 5) were tested, while 
keeping the total N value of the metal–metal interactions to be less than 12 (as the Ni-Ni 
interactions in NiIIO is N=12).  Although we cannot determine the Ni-Ni and Ni-Mn ratio within 
the uncertainty of the EXAFS amplitude, the fit quality improved when the total metal-metal 
interaction is close to N=12. The best fit result (Fit #2) together with Fit #1 is shown in Figure 
S18(f).  
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